Epigenetic mechanisms, such as CpG DNA methylation enable phenotypic plasticity and rapid 25 adaptation to changing environments. CpG DNA methylation is established by DNA methyltransferases 26 (DNMTs), which are well conserved across vertebrates and invertebrates. There are insects with 27 functional DNA methylation despite lacking a complete set of Dnmts. But at least one of the enzymes, 28 DNMT1, appears to be required to maintain an active DNA methylation system. The red flour beetle, 29
Introduction 41
Phenotypic plasticity is enabled by epigenetic mechanisms, which help the organism to adapt rapidly 42 to changing environmental conditions without affecting the underlying genotype 1 . One of these 43 mechanisms is DNA methylation, which in insects is associated with a wide variety of phenotypically 44 plastic traits 2,3 . In eusocial insects, caste formation can correlate with differential DNA methylation 45 patterns 4-6 . One of the first examples for functional DNA methylation in insects was the discovery that 46 the downregulation of the methylation machinery in honey bee larvae caused them to develop into a 47 queen-like phenotype, which is naturally established by the feeding on royal jelly 7 . Furthermore, DNA 48 methylation patterns do not only differ between the brains of queens and workers 5 , but also within 49 the worker caste, where they have been associated with different tasks performed by the worker bee 50 8 . Additionally, these epigenetic marks appear to be reversible if the individual has to switch its task 9 . 51
Furthermore, in two ant species the same set of genes was differentially methylated according to 52 developmental stage and caste 6 . DNA methylation can also be observed in non-social insects and may 53 contribute to the striking phase polyphenism between solitary and gregariously living migratory locusts 54
In invertebrates and vertebrates alike, the same conserved set of enzymes adds methyl groups to 66 cytosines followed by a guanine (CpG) 23 . The resulting CpG DNA methylation patterns are therefore 67 symmetrical on both strands of the DNA. In most cases, two DNA methyltransferases (DNMTs) are 68 needed to sustain functional CpG DNA methylation. DNA methyltransferase 1 (DNMT1) is responsible 69 for maintaining pre-existing methylation patterns by methylating hemimethylated DNA after 70 replication, while DNA methyltransferase 3 (DNMT3) establishes new methylation patterns on 71 previously unmethylated cytosines 23 . Previously, it was thought that a third enzyme, DNMT2, was also 72 involved in DNA methylation because of sequence conservation and the fact that it also contains a 73 cytosine methylase domain 24 . However, several studies have shown that this enzyme methylates small 74 RNAs, especially tRNA 24, 25 . Furthermore, organisms that lack Dnmt1 and 3, but contain Dnmt2 do not 75 possess a functional DNA methylation system 24, 26, 27 . 76
The distribution of Dnmts in insects is quite diverse. While many insects, especially eusocial species, 77 have a complete set of Dnmts, some with an expansion in copies for Dnmt1, other insects completely 78 or partially lack Dnmts and some also fail to produce functional levels of DNA methylation 15, 19, 28 . 79 Diptera appear to have lost both Dnmt1 and Dnmt3 and with it any relevant CpG DNA methylation 15, 16 . 80 Some insect species including examples from Coleoptera, Hemiptera, Lepidoptera and even social 81
Hymenoptera are lacking a gene encoding for DNMT3 15,29-31 . Nevertheless, several of them may show 82 levels of DNA methylation, which presented either directly in sequencing studies or were deduced 83 from the CpG depletion in their genomes 15, 16, 30 . Thus, the question arises, how a functional DNA 84 methylation system can be sustained in the absence of an enzyme able of de novo methylation. It has 85 been suggested that DNMT1 could take over this function, but to the best of our knowledge there are 86 no studies demonstrating this. 87
The status of a functional DNA methylation system in the red flour beetle Tribolium castaneum has 88 been controversially discussed over the past years. Over evolutionary time, the mutagenic effect of a 89 methyl group attached to a cytosine leads to a depletion of CpGs from the genome 32 . However, the 90 beetles' genes do not exhibit the bimodal distribution of normalized CpG content associated with the 91 presence of DNA methylation in other insects 4,15 . Additionally, in adult beetles, low-coverage whole-92 genome bisulfite sequencing (WGBS), which reveals methylation at single-base resolution, could not 93 detect any defined patterns of CpG DNA methylation 19 . On the other hand, using an approach based 94 on methylation sensitive restriction endonucleases, which lacks the sensitivity and specificity of WGBS, 95 Feliciello et al. (2013) found evidence for DNA methylation in early embryos, whereas larvae, pupae 96 and adults were found to be mostly devoid of methylation. While this raised the possibility of an active 97 demethylation process in later developmental stages, resembling the epigenetic reprogramming in 98 mammalian embryos 34, 35 , additional bisulfite sequencing of satellite DNA indicated that these 99 fragments remain heavily methylated throughout the entire lifetime of the individual, even in non-CpG 100 contexts 33 . Furthermore, another study based on bisulfite sequencing also found DNA methylation 101 outside the context of CpG and mostly at CpA 36 . 102
The controversial evidence of CpG DNA methylation in T. castaneum demands for additional, 103 functional studies in this important insect model organism. In T. castaneum we observe phenotypic 104 plasticity in the form of immune priming, i.e. a more successful response to a pathogen at a secondary 105 exposure 37 . This immune priming can be maternally and paternally transferred to the offspring 38-40 , 106 which makes the involvement of epigenetic modifications in this phenomenon likely. Besides other 107 epigenetic mechanisms, DNA methylation and its facilitating enzymes have been indicated to play a 108 role in the evolution of resistance and the rapid adaption we see during host-parasite co-evolution 109 41, 42 . Therefore, we here investigate the existence of CpG DNA methylation and the role of replicates. Overall 0.1 % of the cytosines at these sites were unconverted. Only 84 (8.1 %) of the sites 119 with unconverted cytosines that were observed in both replicates mapped on a chromosome, while 120 the rest was derived from unmapped regions. We also observed a highly significantly negative 121 correlation between the fold coverage and the proportion of unconverted cytosines observed at the 122 same CpG site (rho=-0.925, n=1038, p<0.001, Figure 1 ). This implies that the cytosines that remain 123 after the bisulfite treatment can be either attributed to incomplete conversion or sequencing errors 124 and therefore no CpG DNA methylation is present in the embryos. 125
Expression of Dnmt1 126
To investigate the expression of Dnmt1 across the entire life cycle of the beetle we analysed samples 127 of eggs, larvae, pupae and adults via RT qPCR. We used equal numbers of male and female adults and 128 pupae, while sex was not determined for eggs and larvae. All samples examined during this study 129 contained measurable amounts of Dnmt1 mRNA. The expression of Dnmt1 was significantly higher in 130 the eggs compared to whole body samples from adult beetles ( Table 1 ). In larvae and pupae, we found 131 Dnmt1 to be expressed at similar levels as in the adult samples ( Table 1 ). This suggested that Dnmt1 132 might have a function throughout the whole life of the beetle. 133
We dissected virgin beetles of both sexes to investigate the expression of Dnmt1 in the gonads. Any 134 involvement in transgenerational processes would probably require the expression of the gene in the 135 reproductive tissues so that mRNAs could be passed on to the offspring. In the female samples Dnmt1 136 was significantly upregulated in the ovaries, while there was no significant difference in the expression 137 of Dnmt1 between the testes and whole-body samples in the males ( Table 1) . 138
Knockdown via maternal RNAi affects development and fecundity 139
To investigate possible functions of Dnmt1 a knockdown via maternal RNAi was established. Firstly, we 140 confirmed that the injection of Dnmt1 dsRNA into female pupae led to a significant down-regulation 141 in comparison to RNAi control injections, as measured by RT qPCR in the adult beetles. The treatment 142 with Dnmt1 dsRNA significantly reduced the expression of the target gene compared to the RNAi 143 control, while expression did not differ significantly between the untreated and RNAi control ( Table 1) . 144
The knockdown was also transferred to the offspring, as the eggs of treated mothers showed 145 significantly reduced amounts of Dnmt1 dsRNA compared to eggs from the RNAi control ( Table 1) . 146 Furthermore, Dnmt1 knockdown significantly reduced the eclosion rate from pupae to imago (GLMM 147 with binomial data distribution, df=2, Χ 2 =146.2, p<0.001), suggesting that the protein plays a role in 148 metamorphosis. Following Dnmt1 knockdown, the eclosion rate three days post injection was 80 %, 149
which was significantly lower than for the RNAi control (90 %) (Tukey's HSD: z=6.93, p<0.001; Figure  150 2a). The naïve control achieved 96 % survival, which is significantly better than the RNAi control 151 (Tukey's HSD: z=-4.74, p<0.001; Figure 2a ). This can be explained by the absence of injection wounds 152 in these animals. 153
We determined the fecundity of the treated beetles, by calculating hatching rates for one hundred 154 eggs per treatment and experimental replicate. This showed that the fitness of the females, which had 155 received the Dnmt1 knockdown treatment was severely affected, as the hatching rate of their offspring 156 was significantly reduced and only 13 % of larvae hatched, compared to 69 % in both controls (GLMM 157 with binomial data distribution, df=2, Χ 2 =274.46, p<0.001; Tukey HSD: Dnmt1 -RNAi control z=12.7, 158 p<0.001, Dnmt1 -naïve z=12.8, p<0.001, Figure 2b ). 159
To confirm that the observed reduced fecundity was produced by the knockdown of Dnmt1 and not 160 any potential off-target effect on a different gene, we used a second non-overlapping construct. This 161 construct also caused a significant downregulation in adults ( Table 1 ) and significantly reduced female 162 fecundity (Kruskal-Wallis df=3, Χ 2 =40.7, p<0.001, Figure 2c ) compared to the naïve (Construct a: 163 W=731.5, p<0.001, Construct b: W=675.5, p=0.001) and RNAi control (Construct a: W=553.5, p<0.001, 164
Construct b: W=470, p=0.03). The two controls did not differ significantly from each other (W=301, 165 p=0.44). 166
Additionally, we also investigated the effect of Dnmt1 expression on male fertility. A knockdown in 167 male pupae significantly reduced Dnmt1 expression in the adults ( Table 1) but did not reduce their 168 fertility over the first nine days of mating compared to the RNAi control or naïve group (GLMM with 169 negative binomial data distribution, df=2, Χ 2 =2.3441, p-value=0.31). 170
Dnmt1 knockdown disrupts embryonic development 171
We also performed a closer analysis of embryos after maternal knockdown of Dnmt1. After twelve 172 days, hardly any larvae had hatched, and we therefore assumed that the eggs had either not been 173 fertilised or that the knockdown was causing an embryonic developmental arrest, which was 174 previously observed in Nasonia vitripennis 13 . In order to identify the time point of a potential 175 developmental arrest, we sampled eggs every two hours for the first ten hours after oviposition. 176
According to their developmental status, the eggs were then assigned to one of four categories of a 177 timeline of normal embryonic development. At the two first time points, we did not observe any 178 significant developmental differences between the treatment groups (age 0-2 h: OLM 2, 96, χ2=0.84, 179 p=n.s.; age 2-4 h: OLM 2, 140, χ2=4.65, p=0.098). But, when the embryos were between four and six 180 hours old, more than 60 % of the eggs of the knockdown treatment fell within the earliest category of 181 development and therefore differ significantly from the two controls (OLM107, χ2=35.71, p<0.001). We 182 observed a similar pattern at the embryonic ages of six to eight hours (OLM105, χ2=55.11, p<0.001) and 183 eight to ten hours (OLM144, χ2=40.76, p<0.001). We therefore conclude that the knockdown of Dnmt1 184 causes an early embryonic arrest after first few cleavage cycles ( Figure 3) . 185
Discussion 186
Using WGBS, we did not observe any recognizable evidence for CpG DNA methylation in T. castaneum 187 embryos. The few candidate methylation marks detected by whole genome sequencing are most likely 188 due to incomplete bisulfite conversion or sequencing errors. Furthermore, there is hardly any overlap 189 in the candidate mCpGs between the two replicates, which leads us to conclude that CpG DNA 190 methylation is absent in two-day old embryos. Our results agree with those of Zemach et al., who were 191 also unable to detect any significant levels of CpG DNA methylation in T. castaneum 19 For every site containing a CpG, we calculated the fold coverage and the proportion of cytosines at 290 each site that had not been converted by the bisulfite treatment. We also computed which cytosines 291 that were partially unconverted occurred in both replicates and combined this data. Finally, we 292 checked whether there is a correlation between proportion of unconverted cytosines and fold 293 coverage. 294
Gene Expression Analysis 295
We measured the expression of Dnmt1 in different life history stages (eggs, larvae, pupae, adults) as 296 well as in the reproductive organs of the beetle using quantitative real-time PCR (RT qPCR). At the time 297 point of collection, around 200 µl of eggs were used per sample, while for all other samples material 298 from five individuals was pooled, immediately shock frozen in liquid nitrogen and stored at -80 °C. We 299 analysed four replicates for each life history stage as well as for the gonad and whole-body samples. 300
The applied RNA extraction protocol combines phenol/chloroform lysis and extraction with the 301 purification via spin columns from the SV Total RNA Isolation System (Promega) and was performed as 302 described in Eggert et al. (2014) . We performed reverse transcription into complementary DNA (cDNA) 303 with the RNA-dependent DNA polymerase SuperScript III and the use of oligo(dT)18 primers 304 (Invitrogen). The reaction started with 100 ng RNA and produced a final volume of 10 µl. The samples 305 were stored at 4 °C for up to one week. For all samples, we measured the expression of Dnmt1 relative 306 to the expression of two housekeeping genes the ribosomal protein L13a (RpL13a) and ribosomal 307 protein 49 (rp49). All primers were designed to cross exon-intron boundaries and their quantification 308 efficiency (E) was calculated using a serial dilution curve ( Supplementary Table S1 ). 309
We applied qPCR using the LightCycler® 480 Real-Time PCR System (Roche) and KAPA SYBR® FAST qPCR 310
Light Cycler 480 reaction mix (PEQLAB). Prior to the run of the assay, we diluted the cDNA 1:10. All 311 experiments were carried out with two technical replicates per sample. Crossing points (Cp) for each 312 technical replicate were calculated and used in further analysis if the standard deviation (STD) between 313 the two technical replicates was below 0.5. 314
Knockdown via parental RNAi 315
To accomplish a knockdown of Dnmt1 via parental RNAi, we designed a construct for double stranded 316 RNA (dsRNA). DsRNA complimentary to the Asparagin synthetase A gene (AsnA) from Escherichia 317 coli served as a treatment control 55 . We produced both dsRNA constructs using EcoRV digested 318 pZErO TM -2 vector (Invitrogen) and in vitro transcribed into dsRNA with the T7 RNA polymerase 319 based T7 MEGAscript Kit (Ambion). iBeetle-Base provided us with the sequence for the second non-320 overlapping construct, which we used in order to be able to exclude possible off-target effects 321 (Schmitt-Engel et al. 2015, http://ibeetle-base.uni-goettingen.de/details/iB_08496). For this we 322 obtained the dsRNA from EupheriaBiotech. 323
For the RNAi procedure, we treated female and male pupae with either Dnmt1 dsRNA, AsnA dsRNA or 324 left them naïve, i.e. untreated. For the injections, we adjusted the concentration of dsRNA to 325 1,800 ng/µl. Prior to the injections, three-day old pupae were collected and glued with the end of their 326 abdomen to microscopic slides with Fixogum (Marabu). The injections were carried out with a nano 327 injector (FemtoJet, Eppendorf) using borosilicate glass capillaries (100 mm length, 1.0 mm outside 328 diameter, 0.021 mm wall thickness; Hilgenberg). Pupae were injected with the dsRNA solution laterally 329 between the second and third segment of the abdomen. We stopped the injections when the pupae 330 stretched, due to the increasing turgor. 331
The pupae were left on the glass slides in Petri dishes until they eclosed one to five days later. After 332 eclosion individual survival was recorded and the surviving beetles could mature for four days. At this 333 point, we randomly sampled individuals for either expression analysis or mating and egg production. 334
Due to large sample sizes required in the experiment involving embryo staining, we conducted these 335 injections in three consecutive experimental blocks. We confirmed the success of the knockdown by 336 performing expression analysis on four pools of three to five individuals per treatment and block. 
Fitness costs of the knockdown 341
To estimate potential fitness costs of the Dnmt1 knockdown treatment we collected one hundred eggs 342 from each of the treatment groups and controls, individualised them and counted live larvae twelve 343 days later. For the second non-overlapping dsRNA construct (construct b) fitness costs were examined 344 in a different way. The construct from the previous experiment (construct a) was also used here. We 345 set up single mating pairs (n=23-30) and let them mate for 24 hours. Then live larvae were counted 346 twelve days later for each pair. Besides the two dsRNA constructs, a RNAi control and a naïve group 347 were included. 348
To measure the fertility of the males after RNAi treatment, individual mating pairs with untreated, 349 virgin females of the same age were formed four days post eclosion. The pairs were put on to new 350 flour after 24 hours and then again, every three days for the next nine days. Two weeks after the 351 oviposition living larvae were counted for each pair (n=20-26). We determined the developmental stage of the previously fixed embryos through staining with 4',6-362 diamidino-2-phenylindole (DAPI) (Carl Roth). After incubating the embryos in PBS with 0.5 µg/ml DAPI 363 for five minutes, they were washed with PBS twice and mounted to a microscopy glass slide using 364 proportion of unconverted cytosines was tested using a Spearman rank test. 375
All expression data of Dnmt1 were analysed and tested for significant differences using the relative 376 expression software tool REST2009 (Qiagen ; Pfaffl, Horgan, & Dempfle, 2002) as previously described 377 54 . Bonferroni correction for multiple testing was applied to the results if the control group was 378 compared to more than one treatment group. 379
For examining the eclosion and therefore survival after injection of the females in the knockdown 380 experiments a GLMM with binomial error distribution was applied to the data. We investigated the 381 effect of the knockdown on maternal fitness by testing hatching rates of larvae for differences in a 382 GLMM with binomial error distribution followed by a Tukey's HSD test. Fecundity of individual pairs 383 after maternal knockdown using both Dnmt1 RNAi constructs was tested with a Kruskal-Wallis test, 384 then pairwise comparisons were performed with a Wilcoxon test and p values were adjusted according 385 to Benjamini & Hochberg (1995) . Male fertility after knockdown was analysed with a generalised linear 386 model (GLM) with negative binomial error distribution. 387
The embryonic development after maternal knockdown was tested with an ordinal logistic model 388 (OLM) and a post-hoc maximum likelihood test to determine, whether the distribution of embryos to 389 the four developmental categories was significantly different between the maternal treatments. This 390 was done for each observed time point separately. Analyses were performed with JMP version 8 (SAS 391 Institute Inc). 392 5 Data availability. 393
The datasets generated during and/or analysed during the current study are available from the 394 corresponding author on reasonable request. 395 6 References 396 10 Tables 539 Table 1 Gene expression of Dnmt1 normalised over the expression of two housekeeping genes. 
